Objectives. Malignant external otitis (MEO) is a potentially fatal infection of the external auditory canal, temporal bone, and skull base. Despite treatment with modern antibiotics, MEO can lead to skull base osteomyelitis. Until now, there have been few studies on the prognostic factors of MEO.
INTRODUCTION
Malignant external otitis (MEO) is a potentially fatal infection of the external auditory canal (EAC), temporal bone, and skull base. MEO tends to affect the elderly as well as patients with diabetes mellitus (DM) or other conditions resulting in immunodeficiency, such as human immunodeficiency virus (HIV) infection and chemotherapy. The most common causative organism is Pseudomonas aeruginosa (>90%) [1] . Clinical manifestations include deep otalgia persisting for longer than 1 month, chronic otorrhea, headache, and cranial nerve involvement. Before the discovery of effective antibiotics, MEO had a mortality rate of up to 50%. Since the introduction of ciprofloxacin and other antipseudomonal agents in the 1990's, the survival rate has improved [2] . Nevertheless, MEO can be fatal if the disease continues to progress despite modern antibiotic treatment.
MEO begins in the EAC, and then spreads to the skull base and the jugular bulb via the fissures of Santorini and the stylomastoid foramen. Venous channels and fascial planes facilitate the spread of infection along the dural sinuses, eventually resulting in extension to the petrous apex [3] . Multiple studies have shown that cranial nerve involvement, primarily the facial nerve, is associated with advanced infection and progression of the disease. As the infection advances to the medial skull base, it reaches the jugular foramen, leading to involvement of the glossopharyngeal, vagus, and spinal accessory nerves [4] . The hypoglossal nerve may be involved at its location within the hypoglossal canal, and with the progression of the infection, the nerves in the cavernous sinus could be affected as well. Severe complications, such as cranial nerve involvement and skull base osteomyelitis, are associated with increased risk of mortality.
Many factors were believed to affect the prognosis of MEO, such as a medical history of DM, glucose level, cranial nerve involvement, and the extent of disease determined from various imaging modalities. However, further studies showed that these factors were not actually related to the outcome of MEO. For example, Mani et al. [5] reported that the presence of cranial nerve involvement did not affect patient survival rate under an optimized treatment plan. As reported by Soudry et al. [6] , facial nerve involvement indicated progression of MEO, but did not, by itself, worsen prognosis. There is an ongoing debate regarding the various factors predicting the outcome for MEO. It is unclear which factor(s) lead to a poorer prognosis. Therefore, we analyzed prognostic factors in the hope of optimizing treatment strategy for this disease. We investigated the controversial prognostic factors and performed a meta-analysis of other articles investigating MEO retrospectively.
MATERIALS AND METHODS
All cases of MEO diagnosed and treated by Department of Otolaryngology, Severance Hospital, Yonsei University Health System between January 2000 and March 2014 were identified. The diagnosis of MEO was based on the criteria set forth by Cohen and Friedman [7] . We reviewed the records of 28 patients who met these criteria (Table 1) . We examined the patients' basic data, including interval to first intravenous antibiotic administration, presence of underlying disease, results of ear-nosethroat and neurologic examinations, results of imaging studies including computed tomography (CT) and magnetic resonance imaging (MRI), blood glucose measurements and level of glycemic control, treatment regimen, any surgeries performed, and the erythrocyte sedimentation rate (ESR) and C-reactive protein (CRP) levels. We divided the patients into two groups based on the outcome of treatment: controlled and uncontrolled groups. The controlled group included patients who recovered fully from MEO; the uncontrolled group included patients who did not recover or who died. All patients in the uncontrolled group were deceased at the time of the study. The clinical investigations were all conducted according to the principles expressed in the Declaration of Helsinki. This study was approved by the Institutional Review Board of Severance Hospital, Yonsei University Health System (4-2016-0268).
The two groups were compared using Student t-test, Fisher test, and the chi-squared test, as indicated; SAS ver. 9.2 (SAS Institute Inc., Cary, NC, USA) and Microsoft Office Excel 2003.
A meta-analysis of other articles related to MEO was also performed. Several accepted sources were searched in order to identify primary studies published between 1974 and 2013. We primarily searched the Medline database, using the terms "malignant external otitis," "malignant otitis externa," "skull base osteomyelitis," "necrotizing otitis externa," and "infective external otitis." Alternate spellings and an explicit search strategy were used for each source. All terms were searched in English.
The literature search was extensive and was designed to obtain a large number of hits for MEO. In total, 368 articles were The duration of diabetes mellitus, presence of inflammatory markers, and imaging findings influenced the prognosis of external otitis (MEO).
None of the treatment-related factors, including surgery, steroid therapy, and the interval to the first appropriate treatment, were correlated with the prognosis.
The meta-analysis of cranial nerve involvement as a prognostic factor showed that cranial nerve involvement had a statistically significant influence on the prognosis of MEO. identified. After eliminating duplicates and articles on subjects obviously different from MEO, 342 publications remained for the period from January 1974 to April 2014 (Fig. 1) . Most studies evaluating the prognosis for MEO were retrospective, so the meta-analysis was conducted on retrospective studies only. After eliminating articles with methodological restrictions and data limitations, six articles met our criteria for inclusion (retrospective study, complete reporting, and complete dichotomous outcome data). We used only the data on cranial or facial nerve involvement as a prognostic factor. We compared the outcomes for MEO using dichotomous data (controlled vs. uncontrolled group) from the retrospective studies. The data were analyzed using Stata ver. 8.2 (Stata Co., College Station, TX, USA). Our analysis was based on a random-effects model, which generates a wider 95% confidence interval (CI) for the pooled data. The relationship between cranial nerve involvement and the prognosis for MEO effect sizes were calculated as the natural log of the odds ratio (OR). Effect sizes are depicted with their respective 95% CI.
RESULTS
We identified 28 patients with a diagnosis of MEO. There were 22 males (78.6%) and 6 females (21.4%), with a mean age of 65±13 years (range, 33 to 81 years). Twelve patients (42.9%) experienced complete remission from MEO and were included in the controlled group. Sixteen patients (57.1%) survived with the disease (12 patients, 42.9%) or died from the disease (4 patients, 14.3%) and were included in the uncontrolled group. Basic data at the time of presentation and results of statistical analyses are summarized in Table 2 .
Skull base osteomyelitis was found in 19 patients (67.9%); 9 out of 19 patients underwent surgery. Surgery was performed on patients whose condition failed to respond to medical treatment, or was performed for local debridement, and to collect biopsy specimen for histological confirmation of the disease.
Prognostic factors related to the condition of the patient
Patients in the controlled group (12 patients) with a mean age of 62±16 years recovered fully from MEO. Meanwhile patients in the uncontrolled group (16 patients) with a mean age of 68±9 years either remained alive with the disease or died from progression of the disease (P=0.207). Three patients died in hospital as a result of aspiration pneumonia related to MEO, and another patient died from sepsis. In both groups, the majority of the patients were male (9 of 12 patients in the controlled group, and 13 of 16 patients in the uncontrolled group); however, this did not significantly affect disease outcome.
Twenty-three patients (82.1%) had DM. DM is a common disease associated with MEO, and it was significantly related to disease progression in 7 patients (25.0%) in the controlled group and 16 patients (57.1%) in the uncontrolled group (P =0.008) ( Table 3) . Duration of disease also differed significantly between the two groups; patients in the controlled group suffered from DM for an average of 7.1 years prior to the diagnosis of MEO and patients in the uncontrolled group for an average of 21.8 years (P=0.001). Hemoglobin A1c (HbA1c; glycated hemoglobin) reflects the 3-month average of plasma glucose concentration. This was checked in all patients but was not a prognostic indicator for MEO (P=0.054).
Other underlying diseases identified in this study included hypertension (8 patients), chronic renal failure (3 patients), ischemic heart disease (2 patients), DM retinopathy (2 patients), and cerebrovascular accident (2 patients). There was no significant difference between the controlled and uncontrolled groups with respect to the presence of the above comorbidities (P=0.053).
The treatment outcomes for patients who were responsive (fasted morning blood glucose <126 mg/dL) and unresponsive (≥126 mg/dL) to treatment with antidiabetic medication were compared (Fig. 2) . In the MEO controlled group, 10 patients were responsive to antidiabetic medication and 2 patients were unresponsive. By contrast, 4 patients in the MEO uncontrolled group were responsive to treatment with antidiabetic medication while 12 patients were unresponsive (P<0.05).
ESR and CRP levels increased with disease progression and were higher in the uncontrolled group. The ESR and CRP levels used for comparison between the two groups were the highest levels measured during the course of disease for each individual. A mean value of 34.8±30.5 mm/hr was obtained for the ESR level in the controlled group, and a mean value of 96.1±30.8 mm/hr was obtained for the uncontrolled group (P<0.001). A mean value of 5.33±3.21 mg/L was measured for the CRP level in the controlled group and a mean value of 15.46±5.70 mg/ L was measured for the uncontrolled group (P<0.001). Both inflammatory markers were closely related to outcome for the MEO patients (Fig. 3) . Additionally, they changed with the disease status in the individual patients.
P. aeruginosa was the most commonly isolated bacterial pathogen (13 patients), followed by methicillin resistant Staphylococcus aureus (MRSA, 10 patients). Table 4 provides a detailed list of isolated microorganisms. There was no significant difference between the controlled and uncontrolled groups with respect to the infecting microorganism.
Prognostic factors related to disease extent
We classified the extent of disease present according to the expected course of the disease. The infection typically starts in the EAC and spreads to the stylomastoid foramen and then to the mastoid tip and the jugular foramen. Finally, the septic process extends to the petrous apex and the middle cranial fossa (6) . CT or MRI imaging was performed in all patients. All 28 patients had EAC involvement, 13 patients had stylomastoid foramen involvement (6 controlled, 7 uncontrolled), and 5 patients had jugular foramen and lateral venous sinus involvement (0 controlled, 5 uncontrolled). Seven patients had petrous apex involvement (1 controlled, 6 uncontrolled); one of these had cavernous sinus involvement, presenting as abducens nerve palsy. In 5 of the patients with petrous apex or cavernous sinus involvement, the infection arose from the jugular foramen. In the remaining 2 patients, the jugular foramen was not involved and the disease did not follow its typical course.
The CT or MRI findings were categorized according to the extent of the disease. Patients who had jugular foramen and petrous apex involvement had a tendency for higher morbidity and mortality than patients without involvement of these structures (P =0.045, P =0.005). There was no association between disease extent and glucose level, suggesting that involvement of the jugular foramen and petrous apex independently affected the outcome of MEO (Fig. 4) . Cranial nerve involvement was observed in 13 patients (46.4%). All 13 patients had facial nerve (VII) involvement; 4 patients also had involvement of the lower cranial nerves (IX, X, and XI) and 2 patients had involvement of the hypoglossal nerve (XII). The abducens nerve (VI) was affected in only 1 patient (Table 5 ).
The facial nerve was the cranial nerve most commonly affected due to its proximity to the EAC, but there was no significant difference in occurrence between the controlled and uncontrolled groups (P=0.702). None of the patients showing involvement of the other cranial nerves belonged to the controlled group, but the difference was not significant (P=0.113). Single or multiple cranial nerve involvement was not related to prognosis for the patients with MEO in our study.
Prognostic factors related to the treatment
After diagnosing MEO, treatment with an antibiotic to which the microorganism is susceptible is important; these include fluoroquinolone and third-generation cephalosporins for P. aeruginosa and vancomycin or teicoplanin for MRSA. Intravenous or oral steroid therapy was also used for skull base osteomyelitis or intractable otorrhea for its anti-inflammatory properties. When cranial nerve involvement gave rise to facial or vocal cord palsy, high-dose steroid therapy was instituted for the recovery of cranial nerve function. Because most of the patients in this study also had DM, steroid therapy was used only with careful monitoring. The use of steroid therapy was unrelated to outcome for patients with MEO (P=0.630). Fig. 5 provides a comparison between treatment modalities for the two groups.
Nine patients underwent surgery: 3 in the controlled group and 6 in the uncontrolled group. These were all patients who did not respond to medical treatment alone. In the controlled group, 2 patients underwent a radical mastoidectomy, facial nerve decompression, and mastoid obliteration. In the other patient incision and drainage of a localized mastoid tip abscess was performed. All 3 patients showed resolution of the disease, although recovery from the facial palsy was not complete. In the uncontrolled group, 5 patients underwent radical mastoidectomy and facial nerve decompression and the remaining patient required skull base surgery via an infratemporal fossa approach, type A. Although surgery only seemed to benefit the 3 patients in the controlled group, there was no significant difference between the controlled and uncontrolled groups with respect to surgery (P=0.687).
Meta-analysis of prognostic factors
A meta-analysis was performed due to an ongoing debate with respect to cranial nerve involvement as a prognostic factor. The baseline characteristics of the included trials including study population, cranial nerve involvement, and statistical evaluation were comparable (Table 6) [5, 6, [8] [9] [10] [11] [12] .
All of the included trials reported the number of patients in each group, with the exception of Ali et al. [8] . Of the six remaining articles, four reported significantly different prognoses depending on presence of cranial nerve involvement. Three articles described only facial nerve involvement while the others described the involvement of multiple cranial nerves (especially Outcomes for MEO were analyzed in terms of cranial nerve involvement regardless of the specific cranial nerve affected; these outcomes are shown in Fig. 6 . The evaluated studies did not specifically define controlled and uncontrolled groups, but did compare mortality. We deduced which patients belonged in either the complete remission or the uncontrolled groups from review of the papers. A statistical evaluation was not included for all trials; therefore, we based our calculations on the original data reported.
Using the provided dichotomous data (controlled vs. uncontrolled groups), the combined OR (random effect model) was 4.537 (95% CI, 1.015 to 20.277). This suggests that cranial nerve involvement has a statistically significant effect on the prognosis for MEO. However, this result must be viewed with caution. First, the I2 analysis showed a variability of 0.581 and the combined OR (random effect model) showed a trend towards cranial nerve involvement being associated with the prognosis for MEO. Second, there is no consensus regarding measurement of outcome in MEO. As mentioned above, the "outcome" was frequently not clarified, so we made deductions from the original data in the studies we reviewed. Third, we calculated the P-value if possible. For the study performed by Lee et al. [9] , statistical significance was deduced from the hazard ratio and the P-value was presumed to be 0.05.
DISCUSSION
MEO has become a treatable disease with the advent of new antibiotics. However, despite the treatment, the prognosis worsens once skull base osteomyelitis or other complications develop.
The duration of DM and the patient's serum glucose levels were believed to be related to the prognosis of MEO. As reported by Joshua et al. [13] , MEO diagnosed on the basis of all obligatory clinical and radiological criteria was associated with a higher rate of current oral anti-diabetic treatment and history of diabetic complications, all of which led to significantly longer treatment and shorter survival times. In contrast, Franco-Vidal et al. [10] reported that the presence of diabetes was not a significant prognostic factor in and of itself. Chen et al. [11] also suggested that the duration of DM and the degree of glycemic control did not affect survival. However, the results of this study demonstrated that the existence of DM, both currently and in the medical history, were important prognostic factors for MEO. Although mean serum glucose and HbA1c levels were unrelated to survival, responsiveness to antidiabetic therapy was closely correlated with the course of disease. Thus, strict glycemic control is necessary. Our data did not show a significant difference in prognosis between patients treated with oral antidiabetic medications and those treated with insulin.
It has not been well established why MEO has a tendency to affect diabetic patients; however, microangiopathy is presumed to be the predisposing factor. DM leads to microangiopathy which results in poor microcirculation and impaired polymorphonuclear cell function [14, 15] . Furthermore, chemotaxis of leukocytes and the mechanisms of phagocytosis and intracellular digestion are impaired, and the effectiveness of antibiotic therapy is also reduced [16, 17] . This occurs because the transport of antibiotics to the infected region is compromised by small vessel obliteration and the resultant hypoperfusion. We suggest that rigorous glycemic control and the administration of appropriate antibiotics are key factors in the treatment of MEO.
Skull base osteomyelitis is a life-threatening complication of MEO, which begins as a soft tissue infection in the EAC and spreads via the fissures of Santorini and the tympanomastoid suture to involve the cranial base [18] . The facial nerve is the most commonly affected cranial nerve due to its proximity to the EAC. As the disease advances to the medial skull base, it involves the jugular foramen and hypoglossal canal, so that the glossopharyngeal, vagus, spinal accessory, and hypoglossal nerves are also affected. As Nadol reported, the disease spreads to the central skull base via four checkpoints: EAC, stylomastoid foramen, jugular foramen, and petrous apex [3] . CT and MRI findings were helpful for diagnosing MEO at admission, but did not predict the prognosis for the disease, as reported by Sudhoff et al. [19] . In our series, there was a significant difference in outcome when the disease extended to the jugular foramen and petrous apex. The prognosis was poorer when greater disease extension was seen in imaging studies. We suggest that involvement of the jugular foramen and petrous apex are checkpoints for predicting the outcome and the course of disease for MEO from imaging studies. However, Kondziella and Skagervik [20] reported an atypical presentation of MEO showing extensive cranial neuropathy in the absence of facial paralysis. Therefore, the disease does not always spread via the pathway described above. In our series, while most of the cases followed the described course of disease, the jugular foramen was unaffected in 2 patients who had petrous apex involvement. We propose that CT and MRI are useful to help to predict the prognosis for MEO, and that the jugular foramen and petrous apex are critical points in the progression of MEO. There is a debate regarding the best imaging modality for the initial diagnosis of and monitoring of MEO. Some authors have recommended that a Ga-67 citrate scan is a good indicator of disease resolution; it has also been suggested that negative results can provide useful information regarding the appropriate time to stop treatment [21, 22] .
Cranial nerve involvement is believed to be related to the outcome of MEO, although it is a controversial prognostic factor [12] . We found no significant difference in the outcome of MEO with respect to any specific cranial nerve involvement or the involvement of multiple cranial nerves. Several studies have suggested that cranial nerve involvement is closely correlated with the outcome of the disease. Franco-Vidal et al. [10] and Lee et al. [9] reported that facial paralysis significantly influenced survival, while Mani et al. [5] reported that cranial nerve involvement did not affect patient survival rate with optimized medical treatment. Chen et al. [11] reported that in patients with MEO, mortality was not related to involvement of a single cranial nerve, but was related to the involvement of multiple cranial nerves. Soudry reported that although facial nerve involvement was a sign of MEO progression, it did not, by itself, worsen the prognosis in their case series [6] . Because of these differences in opinion, we performed a meta-analysis of cranial nerve involvement and prognosis. The results showed that cranial nerve involvement tended to affect the prognosis for MEO. However, our meta-analysis was limited by the fact that it analyzed the data dichotomously, and only a few of the articles evaluated described cranial nerve involvement and the number of survivors with disease progression. The small number of patients in the present study could have led to the discrepancies between our results and those obtained from the meta-analysis.
In our series, disease outcome was closely correlated with both ESR and CRP levels. Changes in ESR and CRP levels can help to monitor the response to antibiotic therapy. Once MEO is suspected, laboratory data including ESR and CRP levels should be checked. The levels should then be followed regularly until complete remission is achieved.
We performed surgery in 9 of our 28 patients. This involved either a radical mastoidectomy with facial nerve decompression, or infratemporal fossa or skull base debridement of soft tissue or bone. In the controlled group, 1 of the 3 patients requiring surgery underwent incision and drainage of a mastoid tip abscess; in the other 2 patients, a radical mastoidectomy with facial nerve decompression was performed. In the uncontrolled group, 1 patient had skull base surgery via a type-A intratemporal fossa approach. Although necrotic bone and soft tissue were debrided, the infection could not be halted in the uncontrolled group. In contrast, patients in the controlled group recovered fully after surgery; therefore, surgery may be an alternative to unsuccessful medical treatment. Regardless, surgery was not directly related to prognosis in the two groups. No factor relating to treatment affected prognosis; this included surgery, steroid therapy, and interval to the first appropriate treatment.
Various surgical treatments have been proposed for patients with MEO who are refractory to medical treatment. Radical mastoidectomies have been recommended for patients with inflammation that cannot be completely excised (e.g., cochlear fistula, disease tracking into the petrous apex) [23] . Facial nerve decompression has been recommended for patients with disease involving the facial nerve in the stylomastoid foramen region [24] . The infratemporal fossa approach is recommended for patients with disease involving the petrous apex and intralabyrinthine areas [25] .
In conclusion, all the major factors (responsiveness to antidiabetic medication and disease extent determined from CT or MRI imaging) were related to the prognosis of MEO. Furthermore, meta-analysis of cranial nerve involvement showed that exerted a statistically significant influence on MEO prognosis. We propose that responsiveness to antidiabetic medications in the treatment of DM, cranial nerve involvement, and disease extent determined from imaging could be useful in predicting the outcome of MEO.
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